INTRODUCTION
Mechanical ventilation has significantly decreased mortality for preterm neonates with respiratory distress syndrome (RDS). However, the mechanical ventilation these infants require leads to bronchopulmonary dysplasia (BPD) in 20% to 90% of them, depending on gestational age. 1 In nurseries where surfactant is used routinely, the highest incidence of air leak syndrome and BPD occurs in infants less than 1000 g. 1 This BPD is frequently due to ventilator-associated lung injury. Studies in animals suggest that high-frequency ventilation is associated with better gas exchange and less ventilator-induced lung injury. 2 Recently, five trials evaluating the efficacy of high-frequency ventilation in preventing BPD have been published. Four studies focused on the use of high-frequency oscillators ventilation (HFOV), 3 -6 whereas the other focused on the high-frequency jet ventilator (HFJV). 7 A more recent study examining the effect of HFOV versus conventional mechanical ventilation (CMV) in infants less than 30 weeks did not demonstrate a difference in pulmonary outcome and suggested that HFOV may be associated with an increased incidence of severe intraventricular hemorrhage (IVH). 8 A meta-analysis of HFOV demonstrated only modest improvement in BPD with concern about an increase in pulmonary air leak and severe IVH. 13 To date, there has been only one study examining the efficacy of the high-frequency flow interruption (HFFI) as a primary mode of ventilation. 9 Synchronized intermittent mandatory ventilation (SIMV) has become a popular mode of ventilation for many preterm infants. This mode of ventilation has been shown to reduce the incidence of BPD from 72% to 47% in infants less than 1000 g at birth. 10 Asynchrony of spontaneous and ventilator breaths is associated with decreased oxygenation, increased barotrauma, and an increased need for sedation. 11 A meta-analysis comparing patient-triggered ventilation/SIMV to CMV demonstrated a shorter duration of mechanical ventilation without a significant reduction in BPD. 12 The purpose of this study is to determine if HFFI ventilation compared to SIMV reduces, the incidence of BPD in the extremely low-birth-weight infant.
METHODS

Subjects
This study took place in the nurseries at the University of California (San Diego, CA) and Albert Einstein Medical Center (Philadelphia,
OBJECTIVE:
Mechanical ventilation has significantly decreased mortality for preterm infants with respiratory distress syndrome. However, the barotrauma associated with mechanical ventilation is responsible for the development of bronchopulmonary dysplasia ( BPD ) in 20% to 90% of these infants, depending on gestational age. Recent studies suggest that high -frequency ventilation is associated with better gas exchange and less barotrauma. The purpose of this study is to determine if high -frequency ventilation, using the flow interrupter, reduces the incidence of BPD in the ELBW infant.
STUDY DESIGN:
Parental consent was obtained prior to mechanical ventilation. Infants less than 1000 g without significant congenital anomalies were eligible for study entry. Infants were randomized, prior to the onset of mechanical ventilation, to receive either synchronized intermittent mandatory ventilation ( SIMV ) or high -frequency flow interruption. Both ventilator methods were obtained using the Infant Star Ventilator ( Mallinckrodt, St. Louis, MO ). Data were collected prospectively on all study entrants and analyzed using SigmaStat Software.
RESULTS:
Forty -six infants, from two centers, were enrolled in this study. There was no significant difference in the ventilator days or BPD, defined as oxygen requirement at 36 weeks postmenstrual age, between the high -frequency ventilation and SIMV groups. Infants delivered between 23 and 34 weeks' gestation and weighing less than 1000 g were considered eligible for the study. The study was explained to the parents and consent was obtained prior to delivery of the infant. In the event consent was not obtained prior to delivery, the infant remained eligible provided he/she had not received any mechanical ventilation prior to enrollment. If the infant did not require mechanical ventilation, the baby was not enrolled in the trial.
Randomization
Infants were randomly assigned by a sealed opaque envelope, with a previously generated random number sequence, to receive either synchronized intermittent mechanical ventilation (SIMV) or HFFI as the initial mode of mechanical ventilation. A separate series of envelopes was kept in each center. Randomization was performed in blocks of 10. Infants remained on the mode of ventilation assigned until extubation, or if on high-frequency ventilation, until the MAP was <7 cm H 2 O, at which time the infant was either converted to CMV or extubated. In the event of inability to ventilate (pH <7. 20) or oxygenate ( p a O 2 <50 Torr) the infant with the mode assigned, the infant would crossover to the other modality. Statistical analysis was the intent to treat.
Delivery Room Resuscitation
All infants received a surfactant preparation (beractant) in the delivery room or at the time of intubation (within 20 minutes of endotracheal intubation) and again every 6 hours until FiO 2 was less than 30%, to a maximum of four doses. Surfactant was delivered by hand ventilation in all infants.
Ventilator Management
Both ventilator strategies were achieved using the Infant Star Ventilator (Mallinckrodt, St. Louis, MO). Synchronization of ventilation for the patients randomized to SIMV was achieved using the Grasby abdominal capsule and the Star Sync module (Mallinckrodt).
A standard approach to mechanical ventilation was employed with a goal p a O 2 of 50 to 70 Torr and a goal p a CO 2 of 50 to 60 Torr, while maintaining the pH >7.25. CMV settings were adjusted so that the PIP produced a reasonable chest excursion and the PEEP was set between 4 and 6 to maintain oxygenation saturations 88% to 92% on .40. The range of PIP utilized to achieve the ventilation parameters was between 16 and 24. The ventilator rate was adjusted to achieve the goal p a CO 2 . Infants were extubated when the ventilator rate weaned to between 8 and 12 breaths/min. High-frequency ventilation was achieved using the flow interrupter. The hertz was set between 10 and 12. Amplitude was adjusted to meet the goal p a CO 2 .
Mean airway pressure was adjusted to maintain an optimal lung volume strategy as measured by a chest radiograph demonstrating expansion to eight to nine ribs and oxygenation saturation between 88% and 92% on an FiO 2 less than 0.40. There was no back-up rate (sigh breath) provided while on high-frequency ventilation.
Subgroup Analyses
Infants enrolled in this study were stratified by weight to one of two categories:
1. Group 1: 500 to 749 g 2. Group 2: 750 to 1000 g.
Statistics
Analysis of statistical power was based on an a error of 0.05 and data were analyzed using SigmaStat software. The estimated incidence of BPD from the 1996 Vermont Oxford Perinatal Network was 88% for surviving infants 500 to 749 g and 67% for surviving infants 750 to 1000 g at birth. Based on a reported incidence of BPD of 47% utilizing SIMV, 10 we hypothesized a reduction to 50% in the incidence of chronic lung disease in Group 1 (500-749 g) survivors and a reduction to 40% in the Group 2 (750-1000 g) surviving infants. Using a two-sided test, it was estimated that 50 patients should be enrolled in Group 1 and 100 patients in Group 2.
An interim analysis performed after enrolling 24 patients from Group 1 and 22 patients from Group 2 demonstrated no difference in the primary outcome. The decision to perform interim analysis was based on declining enrollment related to an increase in the number of infants being managed solely with CPAP in the involved centers. A repeat analysis for statistical power revealed that close to 1000 patients would be required to demonstrate a statistically 
Measured Outcomes
The primary outcome for the study was the incidence of BPD, defined as oxygen requirement at 36 weeks postmenstrual age. Supplemental oxygen was utilized to maintain a saturation of 92% in infants in these two centers at sea level. Additional measured outcomes included the number of days on mechanical ventilation, number of days on nasal continuous positive airway pressure (NCPAP), and the number of days on supplemental oxygen. Data were also collected on the incidence of pneumothoraces, patent ductus arteriosus (PDA), severe IVH (Grades 3 and 4), 14 and surgical retinopathy of prematurity (ROP).
RESULTS
Demographic data are shown in Table 1 . There were no significant differences between the two groups in either weight category. Only one infant in the study met failure criteria and underwent a crossover from HFFI to SIMV.
There was no significant difference in the ventilator days or BPD between the high-frequency ventilation and SIMV groups at either weight stratification (Tables 2 and 3) .
For surviving infants in Group 1, the incidence of BPD was 70% for infants on SIMV and 80% for infants on HFFI ( p=NS). In Group 2, the incidence of BPD in survivors was 50% for infants on SIMV and 67% for infants on HFFI ( p=NS). For infants weighing 500 to 750 g, two infants in each group died -2 of 12 infants (17%). For the larger infants, one infant in each group died -8% in the SIMV group and 10% in the HFFI group.
Days of mechanical ventilation varied widely but did not achieve statistical significance. In Group 1, the range was from 1 to 136 days (mean 43.2 days) in infants on HFFI. The range was 3 to 133 days (mean 59 days) for infants on SIMV. In Group 2, the range was from 1 to 83 days in infants on HFFI and from 1 to 56 days for infants on SIMV.
Secondary outcomes measured included the incidence of airleak, PDA, severe IVH, and surgical ROP. In Group 1, the incidence of airleak, PDA, and severe IVH was similar between patients on HFFI and SIMV. Surgical ROP was higher, although not statistically significant, in infants on SIMV (50% vs 17%). In Group 2, the incidence of airleak was higher for infants on HFFI (50% vs 17%). The incidence of PDA, severe IVH, and surgical ROP was similar between patients on HFFI and SIMV.
Two centers enrolled the patients for this study. Significant differences were noted between Centers I and II in both weight groups (Tables 4 and 5 ), most notably in the duration of mechanical ventilation and CPAP.
DISCUSSION
With the introduction of surfactant, a greater number of extremelylow-birth-weight infants have survived in recent years, with some centers citing survival as high as 55% for infants of 23 weeks' estimated gestational age. However, BPD remains a significant issue affecting both long-term pulmonary function and long-term neurodevelopmental outcome in these infants.
The lung injury associated with the development of BPD has been presumed secondary to repetitive collapse and expansion of surfactant-deficient alveoli leading to a marked inflammatory response. 15, 16 It has been documented that even one positive pressure ''conventional'' breath alters lung architecture and affects surfactant function. 17 High-frequency ventilation utilizes minute tidal volumes at supraphysiologic rates in an effort to minimize lung injury. Numerous studies have evaluated high-frequency ventilation, both as elective and rescue therapy, in infants with RDS. Rimensberger et al. 18 utilized the high-frequency oscillator as the sole mode of mechanical ventilation and compared this to historical controls. They demonstrated fewer ventilator days, a shorter period of oxygen 9 randomized 284 infants between 24 and 29 weeks' gestation to HFFI utilizing the Infant Star Ventilator or conventional ventilation utilizing multiple ventilators within 6 hours of birth (elective) and continued the strategy until 240 hours after randomization. They found no significant difference in BPD at either 30 days or 36 weeks in the HFFI versus conventional ventilation groups (88% vs 88% at 30 days, 25% vs 23% at 36 weeks). The infants in this study were not all less than 1000 g and results were not presented in similar weight group stratification; thus, direct comparison with our results is not possible. Pardou et al. 19 evaluated HFFI as a rescue strategy in 22 infants with RDS. They noted a trend toward less BPD both at 28 days of age and 36 weeks postmenstrual age in infants receiving conventional ventilation, though neither was statistically significant (63% vs 80% at 28 days, 25% vs 40% at 36 weeks PMA).
Different methods of conventional ventilation have also been studied in neonates in an effort to reduce the incidence of BPD. SIMV continues to receive attention for its ability to provide a more consistent tidal volume, 20 potentially diminishing the risk of ''volutrauma.'' Synchronization relies on a patient trigger that varies between ventilators. The Infant Star Ventilator utilizes a pneumatic capsule that has been demonstrated to perform better than an airway pressure trigger due to a higher sensitivity and shorter delay. 21 Six randomized controlled trials have evaluated patient-triggered ventilation versus intermittent mandatory ventilation; two of these studies used the Infant Star Ventilator. One unexpected finding in our study was a significant difference among centers in ventilator days, CPAP days, and days in oxygen. Although the prospective nature of this trial suggested an approach to weaning from mechanical ventilation, the time to extubation varied greatly. A trial involving adult patients demonstrated shortened ventilation times (35 vs 44 hours), utilizing a protocol-driven approach to weaning, as opposed to physician-directed weaning from mechanical ventilation. 23 We believe that the observed differences seen in our study reflect different approaches to respiratory management in the ELBW infant.
Despite advances in patient-triggered ventilation and high-frequency modes of ventilation, infants less than 1000 g continue to experience a high incidence of ventilator-associated lung injury. The use of permissive hypercapnia has resulted in fewer ventilator days in a study by Mariani et al. 24 Current strategies for reducing mechanical ventilation appear to hold the greatest promise for decreasing the incidence of BPD. This was initially evidenced by the results obtained at Babies' and Children's Hospital, New York (Columbia) and documented by Avery et al. 25 Unit differences were again highlighted in a recent article by Van Marter. 26 BPD was found to occur in 4% of infants born between 500 and 1500 g at Babies' and Children's Hospital, New York, compared to 22% of infants at two hospitals in Boston. The ability to successfully avoid intubation and mechanical ventilation or to extubate the extremely-low-birthweight infant appears to reflect substantial differences in unit practice related to weaning from mechanical ventilation and utilization of noninvasive modes of ventilation, such as nasal SIMV 27 and nasal CPAP.
CONCLUSION
There was no significant difference in any measured objective between the HFFI and SIMV groups, when mechanical ventilation was delivered using the same device. Due to early termination of enrollment, this study does not have sufficient power to reject either the null or alternate hypotheses. As expected, infants of higher gestational age had less BPD and less morbidity. Despite a protocolized approach, differences between centers were found and may reflect differences in unit culture. It appears that the most rational method for decreasing the incidence of BPD is to diminish the use of mechanical ventilation and increase the use of noninvasive methods of ventilation. Further controlled studies to test this hypothesis are urgently required.
